SECONDARY PHASES THAT APPEAR IN THE GROWTH OF PbTiO 3
Below the bottom of the growth window in temperature, we observed a mixture of litharge and massicot PbO, indexed as L and M respectively in Fig. 1 in the main text. At times we also observed, along with peaks corresponding to these PbO phases, a peak in the XRD pattern that we could not index to either phase of PbO or a higher oxidation state oxide of lead; we believe that this peak corresponds a phase described in the literature as a pyrochlore [1] . This phase may be associated with lower temperatures [2, 3] . In the XRD pattern we mark this peak P. Above the top of the growth window in temperature, we exclusively observed TiO 2 in the anatase phase, denoted A. Although the anatase polymorph of TiO 2 is metastable at all temperatures (the stable polymorph is rutile) [4] , the favorable lattice match between (001) anatase and the (001) perovskite surface epitaxially stabilizes this metastable TiO 2 polymorph [5, 6] . oxygen adsorption/desorption assuming that they are independent of each other and of the titanium flux. We also assume low surface coverage of each, though we discuss this latter assumption in the main text. We do not explicitly consider the true reaction mechanism or the density of surface sites of type suitable for these particular reactions; we do note, however, that all PbTiO 3 grown within this study was grown on the same type of substrate, prepared in the same way, with a miscut angle between 0 and 0.2 , suggesting that there may be comparable densities of the sites of interest.
GROWTH CONDITIONS IN FIGURES FROM MAIN TEXT
Our growth temperatures are well above the equilibrium sticking temperature of metallic Pb 0 at our chamber pressure; lead only resides briefly on the surface, at equilibrium with empty surface sites ⇤:
(S1)
The concentration of adsorbed lead atoms [Pb (ad) ] may be found from the equilibrium
The equilibrium constant itself is related to the Gibbs energy of condensation of a lead atom onto a surface:
We may relate [Pb (g) ] with lead flux Pb using the kinetic theory of gases. The relationship between flux and equivalent gas pressure depends on chamber geometry (held constant for all PbTiO 3 growths) and the square root of source temperature [7] , the latter of which does not vary significantly [8] within the course of this experiment. Thus, we approximate the equivalent lead gas pressure to be linearly dependent on the lead flux. G= H-T S; 
H Pb (g) !Pb (l) is negative under growth conditions; the exponential term on the right side of Eq. (S3) decreases with increasing substrate temperature, giving the expected result that at constant lead flux, less lead is available on the surface to form PbO when the substrate is hotter than when the substrate is colder. At constant substrate temperature, the concentration of adsorbed lead available to form PbO is directly dependent on lead flux.
Considering how the kinetic growth window described by in the main text,
depends on [Pb (ad) ], we see then that increasing the lead flux has the inverse e↵ect of decreasing the titanium flux: increasing the lead flux will widen the kinetic growth window, as is observed experimentally in Fig. 2(b) of the main text.
The relationship between ozone flux and adsorbed oxygen concentration is more di cult to describe. At pressures near and above one atmosphere and at or below room temperature, adsorbed oxygen on an MnO 2 catalyst is found to vary as alog([O 3 ])+b/T for a and b constants [9, 10] ; however, the observed mechanism of oxygen desorption proceeds through collision of a gas-phase ozone molecule with the adsorbed oxygen atom, which will be significantly rarer at our lower pressures. Thus, this result may not accurately describe our system.
Oxidation kinetics play an extremely important role in the growth of the superconducting oxide YBa 2 Cu 3 O 7 x by MBE [11] [12] [13] , as well as the growth of related oxides by MBE [14] , and has therefore been studied extensively. It has been observed that the necessary ozone flux to grow superconducting YBa 2 Cu 3 O 7 x films by codeposited MBE [12, 15] 
MEASUREMENT OF OZONE FRACTION AND OZONE ACTIVITY
The ozone concentration originating from the generator was measured to be approximately 9 mol% at the MBE gas inlet as determined with a PCI ozone monitor [16] . To calibrate the activity of ozone at the sample surface a quartz crystal monitor (QCM) was lowered into the substrate position and the mass accumulation rate was monitored as a continuous flux of bismuth was deposited under varying chamber background pressures with diatomic oxygen, generator ozone, and distilled ozone. Using the atomic masses of each species, it was possible to determine the stoichiometry of the depositing material from the mass accumulation rate. The results are shown in Fig. S1 .
It was observed that pure diatomic oxygen was not su cient to oxidize bismuth to a 3+ state at a chamber background pressure of 1⇥10 6 Torr. The activity of ozone compared to diatomic oxygen for the oxidation of bismuth was calculated by comparing the pressure necessary to obtain Bi 2 O for pure oxygen and 9 mol% ozone. Assuming unity sticking coe cients for both oxygen and bismuth at room temperature, a mass accumulation rate consistent with Bi 2 O formation was observed at a chamber background pressure of 1⇥10 phase at high oxidant pressures is also consistent with results observed for growth of epitaxial BiFeO 3 in high-oxygen concentration containing atmospheres by pulsed-laser ablation [17] and rf-sputtering [18] .
